We report calculated rotational branching ratios for very low energy ( 50 me V) photoelectrons resulting from (1 + 1 ') resonant enhanced multiphoton ionization ( REMPI) via the l; = 1/2, 3/2, 5/2, and 7/2levels ofthe P 11 branch of the A 2 l:. + (3sa) state of NO. Even angular momentum transfer (AN=.N +-N;) 
I. INTRODUCTION
In recent years resonant enhanced multiphoton ionization (REMPI)-photoelectron spectroscopy (PES) has seen a substantial improvement in photoelectron kinetic energy resolution. Conventional time-of-flight (TOF) methods for PES have been sufficiently refined to provide rotationally resolved spectra for small molecules. 1 -5 Due to the small rotational constants, studies in heavier molecules such as NO have focused on high-J levels of the ion. Recently, MiillerDethlefs eta/. have developed a novel method of zero-kinetic-energy ( ZEKE) photoelectron spectroscopy. 6 • 7 This method employs photoionization under field-free conditions and application of a delayed pulse extraction field. 6 • 7 The technique, facilitated by steradiancy, yields a resolution of 1-2 cm-1 in threshold PES. In contrast, the TOF-PES studies at low energies by Allendorf eta/. 5 achieve a resolution of 3-4 meV around an energy of 180 meV. Using this latter technique, Allendorf et a/. 5 have recently reported photoelectron angular distributions for rotationally resolved PES of NO, a significant step towards the "complete" characterization of the photoionization process.
A common feature in these rotationally resolved REMPI-PES studies of NO has been the deviations of the branching ratios from values expected on the basis of an atomic-like model. 6 • 7 carried outthrough low N; levels of theA 2 l:. + state of NO, also display these non-atomic-like rotational branching ratios. For the P 11 ( J) ( J = 3/2-7/2) branch the !::..N = 0 peak is, as expected, dominant. For !::..N =I= 0, the even !::..N peaks are stronger than those for !::..N odd, in agreement with the !::..N =even propensity rule. However, the !::..N =1=0 peaks die off rapidly with increasing J of the resonant A 2 l:. + state. This dynamically interesting behavior is in contrast to the observed branching ratios for ionization via the high J levels. 2.4,s In the present paper we report calculated rotational branching ratios for very low energy (50 meV) photoelectrons resulting from ( 1 + 1') REMPI via these same low J levels of the P 11 branch of the A 2~ + state of NO. The main objective of these studies is to provide insight into the underlying reasons for the difference in the observed branching ratios for the high and low J levels. Although these calculated rotational branching ratios agree well with the observed It is, in principle, po!)sible that non-Born-Oppenheimer behavior could influence these ZEKE spectra. However, the agreement between the calculated and measured ZEKE spectra for N; = 0 and 1, suggests that these low-energy studies reproduce some of the essential dynamics of the ZEKE experiments. Furthermore, the calculated trends in AN= 2 vs the AN= 0 peaks could be understood on the basis of simple angular momentum transfer considerations. The validity of these arguments is further supported by the behavior of the branching ratios for REMPI via the R 21 ( J) branch. To provide additional insight into the dynamics of the state-specific processes and for possible comparison with measurements we also present photoelectron angular distributions for ionization via the P 11 ( J) branch.
II. THEORY
The framework for our analysis of REMPI processes has been described in detail elsewhere. 11 The ( 1 + 1 1 )
REMPI process can be thought of as a one-photon excitation from an initially unaligned (all MJ levels equally populated) ground state (X 2 ll) to an aligned resonant intermediate state (A 2~ +) followed by a one-photon ionization out of this state:
Each MJ level is treated as an independent ionization channel, in the absence of MJ mixing terms (collision-free conditions, etc.). The alignment of the resonant intermediate state is then determined using lowest-order perturbation theory for these weak field excitations. For a single photon
where J 1 and J" are the rotational quantum number of the A 2~ + and the X 2 ll states, respectively. MJ' is the corresponding projection of J 1 on the z axis. The constant A is the one-photon line strength as given by Earls. 14 The relative values of Pu do not depend on the line strengths for pure rotational branches. The total photoionization probability, P( J',NI,J",N",N+), is given by an incoherent sum over the individual MJ levels' r; (J',N 1 ,N + ), weighted with the corresponding relative populations Pu
In Eq. 
This selection rule is independent of the excitation scheme to the intermediate state, and it is therefore applicable to any ( n + 1 ) REM PI process with a final ~-~ transition. 8 The 3su Rydberg character of the A 2~ +state of NO leads to a dominance of odd partial waves in the continuum (see later) and hence to a propensity rule of AN= even for the REMPI via the A 2~ + state. This predicted propensity rule has been seen to be valid both experimentally and theoretically. 2 .4· 9 · 13
For the A 2~ + state we use a SCF wave function obtained using an extensive Gaussian basis set, described elsewhere. 12 This basis contains diffuse functions to ensure the correct behavior of the tail region of the 6u orbital. A single center expansion of the 6u orbital of NO about the center of mass has the following partial wave components: 94.0% s, 0.2% p, 5.5% d, and 0.1% J, in agreement with previous calculations by Kaufmann et a/. 16 The photoelectron wave functions were obtained using the iterative Schwinger method17'18 in the frozen-core approximation and retaining up to l = 6 in the partial wave expansion of the photoelectron wave function. All matrix elements were determined at R. (A 2~ + ) = 2.0095 bohr. 19 To model the ZEKE spectra we used a photoelectron energy of 50 meV. At this kinetic energy we do not expect any serious breakdown of the fixednuclei approximation for these rotational studies. The cross sections were also seen to be relatively insensitive to changes in kinetic energy in this region. The partial wave decomposition of the photoelectron matrix element ( Jr~~'J) for the ku channel is (normalized to the value of the p wave in the k1r 
(1Mb= 10-18 cm 2 ), similar to earlier results at higher energies.9
Ill.
RESULTS
In Fig. 1 , we compare the ZEKE spectra of Sander eta!. The agreement between the experimental and calculated PES of Figs. 1 (a)-1 (b) for ionization via the P 11 (3/2) and P 11 ( 5/2) branch, respectively, is remarkably good. One of the more striking features in the comparison of the spectra for J; = JA = 1/2 and J; = JA = 3/2 is the decrease in the relative intensity of the I:J.N = 0 to 2 peaks. This behavior can be understood in terms of angular momentum constraints imposed by Eqs. (4) and (5). In the case of the P 11 (3/2) branch where N; = 0, the only partial wave that can contribute to the I:J.N = 0 peak is I = 1 due to the requirement wave. Correspondingly, the value of the P 2 coefficient in the photoelectron angular distributions would be 2. All higher P coefficients must be zero for the J 1 = JA = 1/2 state. However, for the P 11 ( 5/2) line both l = 1 and 3 partial waves contribute to the aN= 0 peak. Similarly, the AN= + 2 signals for these P 11 ( 3/2) and P 11 ( 5/2) lines will also have contributions from higher odd partial waves (/ = 1,3, ... ). The magnitude of the AN= 0 peak relative to the AN= + 2 is hence expected to be larger for the P 11 (5/2) case than for the P 11 (3/2) . This argument can be further elaborated by considering the rotational branching ratios expected in REMPI via the pure R 21 ( J = 1/2,3/2,5/2,7/2) lines. Branching ratios for these are shown in Fig. 2 . In this case the F 2 component of the J, = JA = 3/2 level corresponds toN, = 2, and the I = 1 and 3 partial waves therefore also contribute to AN= 0. The relative branching ratios for AN= 0 and 2 peaks hence would not be expected, as seen in Fig. 2 , to show the strong decrease with J, in contrast to the behavior of the P 11 lines.
The experimental ZEKE spectra of spectra do show an initial decrease in the aN =f. 0 peaks, the calculated relative peak heights approach the high-J limit by N 1 = 3. Thishigh-J limit ( J~21.5) ofthebranchingratios agrees with recent PES measurements. Finally, the calculated AN= odd branching ratios are generally smaller than those seen experimentally. The selection rule in Eq. ( 5) shows that even photoelectron partial waves contribute to these peaks. The discrepancy between the calculated and measured branching ratios for the AN= odd peaks may be due to the threshold behavior of the I= Owave.
In Fig. 3 , we show the rotationally resolved photoelectron angular distributions (PAD) for the spectra of Fig. 1 .
These have been normalized, so that Po= 1.00. In the weakfield approximation the maximum P L is P 4 • The PADs are dramatically state-dependent. As predicted, the PAD for N, = N + = 0, has a pure p-wave character. Note that the PADs for the same I AN I 's, as a function of J, are similar for different J,, reflecting similarities in the contributing waves of the continuum in the high-J limit.
IV. CONCLUSION
We have reported rotational branching ratios for very low photoelectron energies (50 meV) resulting from ( 1 + 1') REMPI via low J levels of the A 2 l: + ( 3su) state of NO. Comparison with experimental spectra at zero-kinetic energy ( ZEKE) of Sander eta/. 7 shows good agreement for ionization through the N, = 0 and 1 levels, but significant discrepancies remain for N, = 2 and 3 where the rapid die off of the AN =j:O peaks seen experimentally is not reproduced by the present results. A possible cause of this discrepancy is other state-dependent competing processes, such as autoionization and predissociation. The experimental spectra, however, do not seem to support the presence of autoionization. 7 The trends in the calculated branching ratios can also be understood in terms of simple angular momentum (l,N 0 N +) changes in the ionization step. Calculated photoelectron angular distributions also show a strong dependence on AN reflecting the changing composition of the photoelectron wave function. These results serve to underscore the molecular nature of the photoionization process.
